Abstract-This letter proposes a joint discrete Fourier transform (DFT)-estimation of signal parameters via rotational invariance techniques (ESPRIT) estimator for time-of-arrival (TOA) and direction-of-arrival (DOA) in vehicle frequency-modulated continuous-wave (FMCW) radars. Since the vehicle FMCW radar should recognize vehicles in the side/rear area when the driver initiates a lane change, the estimation of the joint TOA/DOA between the radar and targets is an important issue for solving complicated location tasks. However, conventional joint estimation methods such as 2D-ESPRIT and 2D-multiple signal classification (MUSIC) cannot be adopted for real-time implementation due to their high computational loads. To satisfy the required accuracy specifications and reduce complexity compared with the conventional estimator, we propose a low-complexity joint TOA and DOA estimator that uses the combined DFT-ESPRIT algorithm for FMCW radars. The performance of the proposed estimation in multitarget environments was derived and compared with the Monte Carlo simulation results. The root-mean-square error (RMSE) of the proposed method was compared with that of 2D-ESPRIT with various parameters. To verify the performance of the proposed combination method, we implemented the FMCW radar and verified its performance in an anechoic chamber environment.
I. INTRODUCTION
F REQUENCY-MODULATED continuous-wave (FMCW) radar systems have been successfully applied for the measurements of the distances and the angles of targets for a long time. For automotive applications, the capability of the FMCW radar systems has increased significantly, with the results of them being used in all weather conditions, such as rain and fog [1] , [2] . On the basis of such advances, various radar systems such as adaptive cruise control (ACC), blind spot detection (BSD), and lane change assist (LCA) have been widely applied to vehicles. In particular, regarding lane change maneuvers, studies on vehicle radars have focused on recognizing vehicles in the blind spot and warning the driver when a lane change has started. In such applications, the location information of targets from the radar is meaningful in conjunction with accurate time-of-arrival (TOA) and direction-of-arrival (DOA) results. To improve the estimation performance of joint TOA/DOA, high-resolution-based algorithms such as the 2D-estimation of signal parameters via rotational invariance techniques (ESPRIT) [3] , 2D-multiple signal classification (MUSIC) [4] , and joint angle-frequency estimation (JAFE) [5] have been proposed to detect the arrival peak of targets. Since the conventional 2D-algorithms are based on the 2D-eigenvalue decomposition (EVD) of the autocorrelation matrix and 2D peak detection for the joint TOA/DOA estimation, they cannot be adopted for real-time implementation due to their high computational loads. In this letter, in order to satisfy the required accuracy specifications and reduce complexity compared with the conventional estimator, we propose a low-complexity joint TOA and DOA estimator that uses the combined DFT-ESPRIT algorithm for vehicle FMCW radars.
II. SIGNAL MODEL
The transmitted FMCW signal in the time domain is defined as for elsewhere (1) where is the initial frequency, is the rate of change of the instantaneous frequency of a chirp symbol, , is the bandwidth of the FMCW signal, and is the signal period of the FMCW symbol.
Consider targets impinging on a uniform linear array (ULA) consisting of elements. Let and denote the TOA and the DOA of the th target. Then, assuming a time-invariant channel over , the received signal at the th antenna element can be represented from [6] by (2) where denotes the complex amplitude for the th target, denotes the wavelength of the carrier signal, is the spacing between the adjacent antenna elements, and is the additive white Gaussian noise (AWGN) signal at the th antenna element. In the received part, de-chirping is defined as the multiplication of the received FMCW signals and the conjugation of the FMCW transmitted signals such that (3) where indicates that are transformed into a sinusoidal form in the th antenna array. Through (3), it is derived that the transformed signals at the th antenna element have a sinusoidal waveform such that (4) where is assumed as . When the Nyquist sampling frequency is given, the discrete-time model of at the th antenna element, which is received through an analog-to-digital converter (ADC), can be described as follows: (5) where .
III. COMBINED DFT-ESPRIT ESTIMATOR FOR
JOINT TOA AND DOA
The conventional high-resolution algorithms such as 2D-ESPRIT and 2D-MUSIC cannot be adopted for real-time implementation due to their computational load for vehicle radars. We can solve this complexity problem by using the proposed low-complexity algorithm based on the combined DFT-ESPRIT estimator, which can satisfy the required specifications in vehicle radar. The proposed estimator consists of the 1D-DFT-based algorithm for the TOA and the 1D-ES-PRIT-based algorithm for the DOA. The proposed combination algorithm, which estimates the TOA and the DOA jointly, is explained as follows:
First, the TOAs of the multitargets are estimated from the extracted indices through the 1D-DFT and the peak detection of the received signal in the first antenna array of (5). We define the 1D-DFT such that for (6) where denotes an index of the discrete frequency for the TOA. After the peak detection processing of the 1D-DFT processing in the first antenna array, we can obtain the TOA index vector of the multiple targets, where means the index of the 1D-DFT's peak detection. Therefore, we can estimate the TOA for the th target such that (7) Second, the DOAs of the multitargets are estimated by performing the 1D-ESPRIT using the 1D-DFT results with . After the 1D-DFT results vector of all antenna arrays for the th target are obtained, the 1D-ESPRIT for the DOA builds up an autocorrelation matrix. The autocorrelation matrix is defined by where means a function that extracts the phase angle. Until now, we have accomplished the proposed estimator for the combined DFT-ESPRIT algorithm for the TOA and the DOA estimation in vehicle FMCW radars. We show the major steps of the proposed algorithm as follows.
Step 1: Accomplish the 1D-DFT of the received signal in the first antenna array. Step 2: After the peak detection processing of the 1D-DFT, we find the TOA of the th target through (7). Step 3: Builds up an autocorrelation matrix for the 1D-ESPRIT to estimate the DOA; Step 4: Through the eigenvalue of the generalized EVD, we find the DOA of the th target from (14).
IV. COMPLEXITY ANALYSIS
The proposed method is composed of the 1D-DFT, auto-correlation matrix and EVD. The cost of the proposed method can be derived with EVD such that . Table I summarizes the costs of the individual operations including the EVD and the auto-correlation matrix. The complexity cost of the conventional 2D-ESPRIT applied with the stacked matrix is [7] . Therefore, the complexity of 
V. PERFORMANCE ANALYSIS OF THE CRLB
In this section, the Cramér-Rao lower bound (CRLB) of the proposed algorithm for TOA and DOA are derived. In the CRLB, the 1D-DFT-based TOA and the 1D-ESPRIT-based DOA are based on a single target from [8] . For the received signal of (5) in the AWGN channel, the CRLB for the 1D-DFT-based TOA estimation is derived using (15) where means the signal-to-noise ratio (SNR). Also, we can derive the CRLB for the 1D-ESPRIT-based DOA estimation such that (16)
VI. SIMULATION RESULTS
The performance of the proposed algorithm is presented through a Monte Carlo simulation averaged over 10 000 estimations. The joint TOA/DOA estimation performance of the proposed algorithm was compared with those of the conventional algorithms such as the 2D-ESPRIT-based joint TOA/DOA estimation algorithm [6] in a variety of multitargets. For each of the algorithms including the proposed and the conventional algorithms, their RMSE is defined by 1/10 000 1/10 000 where and are the TOA and the DOA estimation of the th Monte Carlo trial, respectively. In the following simulations, we adopt a FMCW radar system with parameters, as shown in Table II . In Fig. 1 , the TOA RMSEs of the proposed method are compared with that of the conventional method for a single target under an AWGN channel. The TOA RMSEs of the conventional ESPRIT method are close to CRLB while that of the proposed algorithm is saturated by the 1D-DFT. The TOA performance of the 1D-DFT has saturated characteristics from the specific SNR, as shown in [9] . In addition, the proposed algorithm for the TOA also has floor RMSE from 8 dB. However, the proposed TOA estimation results satisfy the specifications of the vehicle radar [10] . In Fig. 2 , with a uniform linear array , the DOA RMSEs of the proposed and conventional ESPRIT method are similar in terms of the estimation results because they are based on ESPRIT.
It is assumed that 3 and 5 targets and a ULA exist, which are located at 50 ns, 70 ns, 101 ns, 137 ns, and 170 ns. Fig. 3 shows the simulation results of multitargets in an AWGN channel. The TOA RMSE of the proposed method for multitargets is saturated due to the 1D-DFT, as shown in Fig. 1 . In addition, the DOA RMSE of the proposed method shows better performance than the conventional ESPRIT method from SNR 0 dB to 4 dB in Fig. 3(a) and SNR 0 dB to 10 dB in Fig. 3(b) , respectively. Although the conventional ESPRIT method yields a better performance than the proposed method from the specific SNR, the RMSEs of the proposed method and the conventional method satisfy the specifications of the vehicle radar. 
VII. EXPERIMENTS
We conducted various experiments in an anechoic chamber, located in Daegu-Gyeongbuk Institute of Science & Technology (DGIST), Korea, [6] to verify the performance of the proposed method in a real environment. We used a 24-GHz FMCW RF module, which had a transmitted channel and two received channels. The transmitter contained a voltage-controlled oscillator (VCO), a frequency synthesizer, and a 26-MHz oscillator. To generate the FMCW source, a frequency synthesizer controlled the input voltage of the VCO. The source swept over the range of 24.05-24.25 GHz and a bandwidth of 200-MHz bandwidth. The receiver was made up of two LNAs, two mixers, two high-pass filters (HPFs), and two low-pass filters (LPFs). The receiver had an overall noise figure of 8 dB. The gain and noise figure of the LNAs were 14 and 2.5 dB, respectively. An RF signal was downconverted to an IF signal by the mixer.
We conducted the experiment of the proposed method for single target in the chamber. When the target was placed at 4.2 m 0 , 4.4 m 30 , 7.2 m 3 and 7.3 m 30 in the anechoic chamber, respectively, the range-angle map was derived as in Fig. 4 . As seen in Fig. 4 , the proposed and the conventional method could estimate the angle and range which transformed to the time delay for the target correctly. However, 2D-ESPRIT has higher complexity than the proposed algorithm. This is the reason to choose the 1D-DFT and the 1D-ESPRIT instead of 2D-ESPRIT for the TOA estimation of the proposed algorithms.
VIII. CONCLUSION
We have proposed a low-complexity joint TOA and DOA estimator for vehicle FMCW radars. The proposed method consists of a DFT for TOA and ESPRIT for DOA to satisfy required accuracy specifications and reduce the complexity compared with the conventional estimators. The joint TOA/DOA performance of the proposed method exceeds vehicle radar specifications for various multitargets in the presence of an AWGN channel. The proposed method is applicable to vehicle radars due to its low-complexity characteristics.
